Orthopedia Homeodomain Protein Is Essential for Diencephalic Dopaminergic Neuron Development  by Ryu, Soojin et al.
Current Biology 17, 873–880, May 15, 2007 ª2007 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2007.04.003Report
Orthopedia Homeodomain Protein
Is Essential for Diencephalic
Dopaminergic Neuron DevelopmentSoojin Ryu,1 Julia Mahler,1 Dario Acampora,2,3,4
Jochen Holzschuh,1 Simone Erhardt,1
Daniela Omodei,2 Antonio Simeone,2,3,4,*
and Wolfgang Driever1,*
1Department of Developmental Biology
Institute Biology 1
University of Freiburg
Hauptstrasse 1
D-79104 Freiburg
Germany
2Centro di Ingegneria Genetica Biotecnologie
Avanzate and
3European School of Molecular Medicine
Via Comunale Margherita 482
80145 Naples
Italy
4 Institute of Genetics and Biophysics
A. Buzzati-Traverso
Consiglio Nazionale delle Ricerche
Via P. Castellino 111
80131 Naples
Italy
Summary
Neurons that produce dopamine as a neurotransmitter
constitute a heterogeneous group involved in the con-
trol of various behaviors and physiology. In mammals,
dopaminergic neurons are found in distinct clusters
mainly located in the ventral midbrain and the caudal
forebrain [1]. Although much is known about midbrain
dopaminergic neurons, development of diencephalic
dopaminergic neurons is poorly understood. Here
we demonstrate that Orthopedia (Otp) homeodomain
protein is essential for the development of specific
subsets of diencephalic dopaminergic neurons. Ze-
brafish embryos lacking Otp activity are devoid of
dopaminergic neurons in the hypothalamus and the
posterior tuberculum. Similarly, Otp2/2 mouse [2, 3]
embryos lack diencephalic dopaminergic neurons of
the A11 group, which constitutes the diencephalo-
spinal dopaminergic system. In both systems, Otp is
expressed in the affected dopaminergic neurons as
well as in potential precursor populations, and it might
contribute to dopaminergic cell specification and dif-
ferentiation. In fish, overexpression of Otp can induce
ectopic tyrosine hydroxylase and dopamine trans-
porter expression, indicating that Otp can specify as-
pects of dopaminergic identity. Thus, Otp is one of
the few known transcription factors that can determine
aspects of the dopaminergic phenotype and the first
known factor to control the development of the dience-
phalospinal dopaminergic system.
*Correspondence: simeone@ceinge.unina.it (A.S.), driever@
biologie.uni-freiburg.de (W.D.)Results and Discussion
m866 Mutant Zebrafish Embryos Lack Specific
Diencephalic Dopaminergic Groups
Neurons that produce dopamine as a neurotransmitter
are mainly located in the ventral midbrain and the caudal
forebrain in mammals [4]. Given the anatomical and
functional diversity of dopamine (DA) groups, under-
standing the molecular mechanism for their develop-
ment remains a great challenge. A wealth of information
exists on signaling molecules and transcription factors
important for the development of mesencephalic DA
groups [5–7]. In contrast, surprisingly little is known
about the development of diencephalic DA neurons.
In order to identify molecules and pathways important
for DA development, we have taken a forward-genetics
approach in zebrafish. We isolated the m866 allele in
a genetic screen for mutations that affect the develop-
ment of catecholaminergic (CA) neurons in zebrafish.
Tyrosine hydroxylase (TH), the rate-limiting enzyme in
catecholamine biosynthesis, is expressed in DA and
noradrenergic (NA) neurons. Most DA neurons express
dopamine transporter (dat), whereas NA neurons ex-
press dopamine b hydroxylase (dbh). The earliest DA
neurons in zebrafish develop around 18 hr postfertiliza-
tion (hpf) [8]. In 1 dpf m866 mutant embryos, fewer DA
neurons are present (Figures 1A–1B). Several DA clus-
ters can be distinguished in zebrafish at 3 and 4 days
postfertilization (dpf) (Figures 1C, 2A, and 2E): in the
olfactory bulb and subpallium (telencephalon); in the
pretectum (dorsal diencephalon); and in the preoptic
region, ventral thalamus, posterior tuberculum, and
hypothalamus (ventral diencephalon) [8, 9]. In m866
mutant embryos, fewer DA neurons develop in the caudal
posterior tuberculum and the hypothalamus, whereas
DA neurons in other clusters, including those in the ven-
tral thalamus, the rostral posterior tuberculum, and the
preoptic region, develop normally (Figures 1C–1D, see
also Figures 2A, 2C, 2E, and 2G).
Next, in order to assess whether the mutation specif-
ically affects DA neurons, we analyzed the development
of neurons that produce other neurotransmitters. Sero-
tonergic, cholinergic, and NA neurons develop normally
in m866 mutant embryos (Figure S1 in the Supplemental
Data available online). m866 mutants appear morpho-
logically normal and are adult viable (data not shown).
Taken together, our phenotypic analyses suggest that
the gene disrupted in m866 encodes a specific regulator
of ventral diencephalic DA development.
The m866 Mutation Disrupts the Zebrafish otpa
Gene, Which Is Expressed in the Majority of Ventral
Diencephalic DA Neurons
To elucidate the molecular basis of the m866 muta-
tion, we identified the affected gene with a positional
cloning strategy (Figures 1E–G). We discovered that
a mutation in the orthopedia homolog otpa causes a
frameshift, abolishes the highly conserved Orthopedia
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874Figure 1. Positional Cloning of the m866 Mu-
tation Reveals Requirement for orthopedia
a in Diencephalic Dopaminergic Neurons
(A–D) Whole-mount in situ hybridization
(WISH) to detect expression of th at 1 dpf (A
and B) and dat at 3 dpf (C and D) in m866
mutant embryos reveals reduction of DA
neurons. For better lateral viewing, eyes were
removed from some embryos (C and D). (C
and D) dat expressing cells in pretectum,
subpallium, and olfactory bulb develop nor-
mally in m866 mutant embryos, whereas
those in the caudal posterior tuberculum
and the hypothalamus are reduced in m866
mutants (arrowheads).
(E) Schematic representation showing the
genetic map of linkage group 21 (LG 21),
relative positions of a BAC clone (dark blue
bar, CHORI 277-L7), a PAC clone (light blue
bar, BUSMP A17192), contigs (red bars;
from left to right, NA11627, NA13426, and
NA16459), and genomic organization of the
otpa locus. Some of the closest SSLP
markers are listed, and their genetic dis-
tances relative to the mutation are indicated
as the number of recombinants in total meio-
ses. The critical interval contained three open
reading frames (ORFs): phosphodiestera-
se8b(PDE8b), a WD-motif-containing gene
of unknown function (WDR41), and an ORF
similar to mammalian and Drosophila ortho-
pedia (otp) genes. We sequenced coding re-
gions of all three ORFs located in the critical
genetic interval, and found a base-pair dele-
tion at residue 94 in the ORF of the orthopedia
homolog otpa.
(F) Chromatogram of cDNA sequences
around amino acid residue 94 from wild-
type and mutant embryos showing a base-
pair deletion in m866 mutant embryos.
(G) The mutation results in a frameshift and
premature stop codon 59 amino acids down-
stream, generating a shorter protein, which
lacks the entire Otp homeodomain.
(H–K, N, and P) WISH to otpa. otpa is not ex-
pressed in shield-stage (H) or at 75% epiboly-
stage (I) embryos, but initial expression is
detected in the diencephalic region around
the 14-somites stage (J). otpa is expressed
in the diencephalon, in the hindbrain, and
near the telencephalic–diencephalic border
at 1 dpf (K), 2 dpf (N), and 3 dpf (P).
(L, M–M00, O, and Q–R00) FlSH to otpa (green)
combined with TH immunohistochemistry
(red). At 1 dpf (L), TH+ neurons develop within
the otpa expression domain in the dienceph-
alon. (M–M00) Higher magnification of the
diencephalic area shows otpa expression in
all TH+ cells, as well as in an adjacent cell
(arrowhead). (O) At 2 dpf, posterior tubercular
and hypothalamic otpa expression domains
overlap with TH expression (arrowheads). (Q–R00) Projections of confocal Z stacks showing the DA groups in the ventral diencephalon. For
orientation, this region is boxed in (P). (Q)– (Q00) represent more dorsally and (R)–(R00) more ventrally located DA groups. Numbering in (Q0) and
(R0) label different DA groups in the ventral thalamus, the posterior tuberculum and the hypothalamus. Based on morphology and position,
six DA groups are distinguished [9, 24]: group 1, DA cells adjacent to ventricle in ventral thalamus; groups 2 and 4, large, pear-shaped DA cells
in the posterior tuberculum; group 3, small DA cells adjacent to the midline in the ventral posterior tuberculum and extending into the hypothal-
amus; and groups 5 and 6, DA cells adjacent to the midline in the hypothalamus. otpa is expressed in somata of neurons belonging to groups 2, 4,
5, and 6 but is not expressed in groups 1 and 3 (arrowhead in Q00 and R00).
Scale bars indicate 100 mm (A–D, H–L, and N–R00) or 20 mm (M). (A–D, H–K, N, and O) Lateral views are shown. (L, M–M00, and P) Dorsal views are
shown. (Q–R00) Z stack projections are shown. (A–D, K–R00) Anterior is to the left. The following abbreviations are used: hypothalamus (Hy), pre-
tectum (Pr); posterior tuberculum (PT), olfactory bulb (OB), subpallium (SP), ventral thalamus (vT), telencephalon (Tel), hindbrain (HB) tectum (T),
and pituitary (Pit).
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875homeodomain, and thus probably results in a nonfunc-
tional protein. We named this gene otpa because it is
more closely related to mammalian otp than to a second
Figure 2. otpa and otpb are Coordinately Required for the Develop-
ment of the Majority of Posterior Tubercular and Hypothalamic
Dopaminergic Neurons in Zebrafish
(A–H) th WISH on 4 dpf otpam866 embryos and their wild-type
siblings. (A–D, and I–L) For better lateral viewing, eyes have been
removed. otpam866 mutant embryos exhibit reduction in DA neurons
in the posterior tuberculum and hypothalamus, and the injection of
4 ng of otpb MO enhances this phenotype (compare [A], [C], and [D]).
(E–H) A higher-magnification view of the ventral thalamic, posterior
tubercular, and hypothalamic DA clusters is shown. Injection of
otpb MO into otpam866 eliminates all DA groups in this region except
for group 1 (arrowhead) and group 3 (arrow).
(I–L) otpa WISH on 3 dpf otpam866 embryos and their wild-type sib-
lings shows a reduction of diencephalic otpa expression in otpam866
mutant embryos, which become enhanced by otpb MO injection.
(A–D, and I–L) Lateral views are shown. (E–H) Dorsal views are shown.
Anterior is always to the left. (A–H) Z stack projections are shown.
Scale bars represent 50 mm. The following abbreviations are used:
hypothalamus (Hy), locus coeruleus (LC), pretectum (Pr), posterior
tuberculum (PT), olfactory bulb (OB), preoptic region (PO), subpal-
lium (SP), pallium (P), anterior commissure (AC), optic commissure
(OC), hindbrain (HB), tectum (T), telencephalon (Tel), and ventral thal-
amus (vT).otp gene present in the zebrafish genome (hereafter
otpb), and otpa is located on a chromosomal segment
that is syntenic to the mammalian otp locus (Figure S2).
To provide additional evidence that otpa is the gene dis-
rupted in the m866 allele, we phenocopied m866 by
morpholino (MO)-antisense-oligo-mediated knockdown
of otpa (Figure S3). Taken together, our results demon-
strate that otpa is the gene disrupted in m866 mutant
embryos.
In order to understand how otpa regulates DA
development, we first analyzed its expression pattern
(Figures 1H–1R00). otpa transcript is first detectable
around the 14 somite stage (16 hpf) in a few cells in the
ventral diencephalon. By 1 dpf, otpa is expressed in
distinct domains near the telencephalic–diencephalic
border, in the ventral diencephalon, and in the hindbrain.
In the diencephalon of 1 dpf embryos, otpa is expressed
in differentiated DA neurons, as well as in adjacent non-
TH-expressing cells. At 2 and 3 dpf, otpa is expressed in
several ventral diencephalic domains corresponding to
the dorsal posterior tubercular, hypothalamic, and ven-
tral pituitary domains. At 2 dpf, DA neurons are found
within the posterior tubercular and hypothalamic otpa
expression domains. By 3 dpf, otpa is expressed in
most ventral diencephalic DA neuronal somata, except
for the more ventral group 3 and the most anterior ven-
tral thalamic DA group 1.
otpa and otpb Are Coordinately Required for the
Development of the Majority of Posterior Tubercular
and Hypothalamic DA Neurons in Zebrafish
To test whether otpb might also be involved in DA devel-
opment, we first analyzed its expression pattern. otpb,
like otpa, was expressed in most of the ventral dience-
phalic DA neurons, except for the anterior group 1 and
ventral group 3 (Figures S4–S5).
To address whether otpb has a role in DA develop-
ment, we performed MO-antisense-oligo-mediated
knockdown of otpb (Figure 2, Figure S6, and Table S1).
In wild-type embryos injected with 4 ng of splice-site-
specific otpb MO, ventral diencephalic DA groups
formed, albeit in a slightly disorganized manner (n =
80/80). In contrast, when we injected 4 ng of otpb MO
into otpam866 mutant embryos, we observed a clear
and dramatic enhancement of the mutant phenotype.
Except for DA neurons in group 1 and group 3, a com-
plete elimination of th expression in the posterior
tuberculum and the hypothalamus was observed (n =
21/25). This demonstrates that otpa and otpb coordi-
nately regulate development of group 2, 4, 5, and 6 DA
neurons. Importantly, all otp-expressing DA neurons
are affected, whereas all adjacent non-otp-expressing
DA neurons develop normally, suggesting that otp
genes may regulate DA neuron development in a cell-
autonomous manner.
otpa and otpb might regulate th transcription or, alter-
natively, affect the specification of the neurons that
normally express th. In order to distinguish between
these possibilities, we used the expression patterns of
otpa and otpb as early markers for DA neurons. In
otpam866 mutant embryos,otpa expression was reduced
in the diencephalon (Figures 2I–2L). Injection of splice-
site-specific otpb MO in otpam866 resulted in an almost
complete loss of otpa expression in the posterior
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whereas other otpa expression domains were less af-
fected. Similarly, otpb expression in the ventral dien-
cephalon was reduced at 30 hpf in otpam866 mutant
embryos, whereas the more anterior otpb expression
domain was unaffected (Figures S7A and S7B). Because
injection of splice-site-specific otpb MO might affect the
stability of otpb transcripts, we designed another MO
targeted against the translation-initiation site (ATG
otpb MO). Injection of 4 ng ATG otpb MO did not affect
the anterior otpb expression domain at the telence-
phalic–diencephalic border but resulted in an almost
complete loss of otpb expression in the ventral dien-
cephalon (Figure S7C). This suggests thatotpb-express-
ing cells in the diencephalon of embryos with reduced
otpaandotpb activities might be absent or misspecified.
To further define the phases during which Otp may
act in DA development, we analyzed expression of ven-
tral-diencephalic patterning and differentiation genes,
such as nkx2.1, lhx1, and six3 [10], as well as genes,
such as ngn1, ngn3, zash1a, and zash1b, involved in
neurogenesis (Table S2 and data not shown). Expres-
sion of all but one of these genes was normal in the ven-
tral diencephalon of embryos devoid of Otp activity:
six3a, which was only affected in a part of the ventral
hypothalamus where none of the DA groups affected
by Otp develop. Therefore, we hypothesize that Otp
does not affect early patterning and regionalization of
the ventral diencephalon. Otp also does not appear to
affect neurogenesis but rather might be involved in dif-
ferentiation and/or survival of ventral diencephalic DA
precursor cells. To distinguish between these possibili-
ties, we analyzed apoptosis in m866 mutant embryos.
Loss of DA neurons was not accompanied by increased
apoptosis (Figure S8), suggesting that m866 affects the
generation of DA neurons rather than their maintenance
or survival. Next, to test whether otp is expressed in
precursor cells in addition to mature DA neurons, we
compared the expression of otpb with that of an early
neuronal-differentiation marker, elavl3 [11] (Figure S9
and Table S3). At 30 hpf, most of the non-th-expressing
otpb-positive cells adjacent to otpb-expressing DA neu-
rons coexpress elavl3. In addition, we occasionally
observed cells that coexpressed elavl3, otpb, and a
weak level of TH. Such cells might represent newly
specified DA neurons. Taken together, our data suggest
that otp is expressed in early postmitotic precursors, as
well as newly specified and mature DA cells, and its main
function might be to contribute to specification and
differentiation of ventral diencephalic DA neurons.
Otp Is Required for the Development of Diencephalic
TH+ Neurons of the A11 Group in the Mouse
To address whether Otp is required for the generation of
DA neurons in the mouse, we first assessed whether Otp
and TH are coexpressed in wild-type embryos. At E15.5,
Otp is not expressed in the mesencephalic A8–A10 or in
the diencephalic A12, A13, A14, and A15 DA groups
(Figure S10 and data not shown). In contrast, in proxi-
mity of the fasciculus retroflexus (FR), all of the TH+
neurons corresponding to the A11 group expressed
Otp (Figures 3A and 3B). Next, we investigated whether
Otp is required for proper generation of TH+ neurons by
using Otp2/2 mice [2]. In E15.5 Otp2/2 embryos, noobvious abnormalities were detected in TH+ neurons
of the A8–10 and A12–A15 groups (Figure S10 and
data not shown), whereas a complete loss of TH expres-
sion in the region corresponding to the A11 group was
observed (Figure 3C). This phenotype was confirmed
at E13.5 and E18.5 (Figures S10I–N).
Next, we investigated whether these abnormalities
can be detected earlier, at E11.5, by taking advantage
of the fact that the E. coli lacZ gene was knocked into
the otp locus [2] (Figures 3D–I). In Otp+/2 embryos, the
distribution of b-Gal and Otp proteins was identical [2].
At E11.5 in Otp+/2 embryos, Otp or b-Gal expression do-
mains did not overlap with A12–A15 TH+ groups, and
Otp+/b-Gal+ cells located in the presumptive A11 region
did not exhibit significant TH staining. However, because
th transcription in A11 neurons is already on at E10 [12],
these Otp+/b-Gal+ cells should correspond to early DA
neurons with a low amount of TH protein. Similar to later
stages, at E11.5 in Otp2/2 embryos, b-Gal staining was
completely lost in both the presumptive A11 region and
the stream of cells close to the retromammillary (rm)
area. In contrast, all the remaining areas of b-Gal expres-
sion were similar in Otp+/2 and Otp2/2 embryos.
Because the absence of b-Gal staining could have
been due to the lack of positive feedback from Otp on
its own transcription, we analyzed the expression of ad-
ditional markers. At E15.5 in wild-type embryos, Nkx2.1,
Otx, and AADC proteins were coexpressed with Otp and
TH in A11 DA neurons, but inOtp2/2mutants, no expres-
sion was observed for Nkx2.1 and AADC, and only very
few Otx+ neurons were detected (Figures 3J–3R). Simi-
larly, at E11.5 in the p1 region of Otp2/2 embryos, lack
of b-Gal expression tightly correlated with the absence
of Nkx2.1 staining (Figures S11D–S11F). Collectively,
these findings suggest that, in the absence of Otp, DA
neurons of the A11 group are either misspecified and
do not initiate the early DA differentiation steps or, if
specified early, subsequently lost or were heavily im-
paired in their identity and fate.
Comparison of our fish and mouse data reveals both
evolutionarily conserved and divergent aspects of Otp
function in the diencephalon. Previous mouse studies
established Otp as a major molecular determinant of
neuroendocrine neurons in the hypothalamus [2, 3].
We know that this function of Otp is conserved in fish
because we observed a reduction of diencephalic corti-
cotropin releasing hormone (crh) and somatostatin
(sst1) expressing neurons in otpam866 mutants (data
not shown). In contrast, a requirement of Otp for hypo-
thalamic DA neurons is more prominent in fish, as indi-
cated by the fact that TH+ neuronal populations in the
ventral thalamus and the hypothalamus (groups A12–
A15) are not affected in Otp2/2 mutant mice. Indeed,
these other groups of DA neurons may depend on other
transcription factors, including dlx genes (for the A13
group) [13] and six3 for hypothalamic DA neurons [10].
The A11 group appears to be an evolutionary dynamic
DA group that, in mammals, extends along the alar-basal
boundary in alar territory from the rostral midbrain into
prosomere p2 [12]. For birds, however, it has been postu-
lated to extend into the hypothalamus, including basal
prosomeres p1–p3 [14]. In zebrafish, DA groups requiring
Otp activity extend from the alar-basal boundary of pro-
somere p2 and p3 into the hypothalamus. Interestingly,
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877Figure 3. Orthopedia Is Required for Development of A11 Dopaminergic Neurons in the Mouse
Mouse DA groups in the ventral mesencephalon include DA neurons in substantia nigra pars compacta (SNc) (the so-called A9 group), in the
ventral tegmentum (VTA) (A10), and in the retrorubral field (A8). Most of the caudal forebrain or diencephalic groups are present in hypothalamus
(A12, A14, and A15) and the ventral thalamus (A13). Lastly, a small number of DA neurons are located in the posterior region of the dorsal
hypothalamus and the periventricular gray of the anterior pretectum (A11).
(A–C) Analysis of expression of Otp in mouse A11 dopaminergic (DA) groups. Coimmunohistochemistry with Otp and TH shows that at E15.5 in
wild-type (A and B) embryos, Otp and TH colocalize in DA neurons of the A11 group, whereas in Otp2/2 (C) embryos, TH staining is completely
lost in the presumptive position of the A11 group. (B) is a magnification showing Otp and TH colocalization. Otp is not coexpressed in any of the
other DA groups (see also Figure S11).
(D–I) Coimmunohistochemistry with Otp and TH (D and G) or b-Gal and TH (E, F, H, and I) inOtp+/2 (D, E, G, and H) andOtp2/2 (F and I) embryos at
E11.5. In Otp+/2 embryos, Otp (D) and b-Gal (E) exhibit very similar expression patterns and retain the same spatial relationships with TH. In
particular, Otp+ or b-Gal+ cells are detected at the level of the presumptive A11 group (G and H), where, at this stage, TH costaining could
not be seen. In Otp2/2 embryos, b-Gal staining is essentially unaffected in the ah, spv, and in proximity of the ma region (F). However, the narrow
domain close to the rm exhibits a significant reduction of b-Gal+ cells (arrow in D–F), and in the A11 presumptive region, no b-Gal+ cells are
detected (arrow in G–I).
(J–R) Coimmunohistochemistry with Otp and Nkx2.1 ([J]; the inset shows higher magnification), Nkx2.1 and TH (K and L), Otp and AADC (M),
AADC and TH (N and O), Otp and Otx (P), and Otx and TH (Q and R) in E15.5 wild-type (J, K, M, N, P, and Q) and Otp2/2 (L, O, and R) embryos. In
Otp+/2 embryos, Nkx2.1, AADC, and Otx are coexpressed with Otp (J, M, and P) and TH (K, N, and Q) in A11 DA neurons of wild-type embryos.
In Otp2/2 embryos, no staining is detected for Nkx2.1 (L) and AADC (O), whereas for Otx (R), only sporadic TH2 neurons are observed. Also in
wild-type embryos, Otx staining is detected in a few Otp2/TH2 neurons, which are probably not affected by the lack of Otp.
The following abbreviationsare used: prosomeres1–3 (p1–p3), zona limitans intrathalamica (zli), retromammillaryarea (rm),mammillary region (ma),
tuberal area (tu), posterior entopeduncular area (pep), supraoptic-paraventricular area (spv), anterior hypothalamus (ah), anterior endopeduncular
area (aep), posterior preoptic area (poa), optic recess (or), zona incerta (zi), and fasciculus retroflexus (FR). A9, A11, and A13–A15 indicate the cat-
echolaminergic groups, and the dotted lines demarcate the presumptive anterior–posterior border between p1 and p2 and between p2 and p3.the stream of mouse Otp-expressing cells affected in
Otp2/2 embryos also extends from basal p2–3 into alar
p1. Thus, our findings in zebrafish might indicate that
early in evolution a larger portion of the DA system was
under the control of Otp activity, but this control might
havebecome restricted to the A11 DA group in mammals.
otpa Can Induce th- and dat-Expressing Cells
in Ectopic Locations
In order to test whether Otp can determine aspects of
DA differentiation, we sought to express otpa awayfrom its normal expression domains. Because global
otpa mRNA overexpression resulted in severely mal-
formed embryos (data not shown), we resorted to an ap-
proach involving mosaic, transient, ectopic expression.
By injecting at the one-cell stage a plasmid containing
otpa cDNA driven by the cytomegalovirus (CMV) pro-
moter, we could obtain mosaic expression of otpa in
some cells of most injected embryos (n = 78/96, 81%)
(data not shown). Strikingly, in 29% of injected embryos,
we observed activation of th expression at ectopic loca-
tions where DA cells are normally not found (n = 50/173)
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were not found in noninjected embryos (0/60) and only
rarely in embryos injected with a plasmid containing
a mutant version of otpa driven by the CMV promoter
(n = 1/98); this mutant contains the same base pair dele-
tion found in otpam866 mutant embryos. Similarly, we
observed ectopic dat-expressing cells in 9% of the em-
bryos injected with wild-type otpa driven by the CMV
promoter (n = 9/97) (Figures 4C and 4D) but not in em-
bryos injected with the mutant otpam866 cDNA driven by
the same promoter (n = 0/135). Ectopic th and dat cells
were found both in head and trunk regions, including
locations where no DA neurons are normally found later
in development (Table S4). To assess whether otpa can
also induce diencephalic regional identity, we analyzed
the expression of nkx2.1a, a ventral diencephalic and
the earliest specific hypothalamic marker in zebrafish
[15]. No ectopic expression of nkx2.1a was revealed in
embryos injected with otpa driven by the CMV promoter
(n = 0/78) (data not shown). In seven of the embryos
analyzed, all 20 ectopic th cells also expressed ectopic
otpa, but not all cells ectopically expressing otpa also
expressed th (Figures 4E–4F00); thus, Otp may not be
sufficient to directly control expression of th and dat
independently of the cellular state. Therefore, our exper-
iments demonstrate that Otp can determine some as-
pects of the DA phenotypes but that on its own it may
Figure 4. Mosaic Misexpression of otpa Induces Ectopic tyrosine
hydroxylase- and dopamine transporter-Expressing Cells
Uninjected embryos (A and C) and embryos injected with CMV-otpa
construct (B and D) were subjected to th (A and B) and dat (C and D)
WISH at 1 dpf. Black arrows indicate ectopically located th- and dat-
expressing cells, which are not seen in uninjected embryos. (E–F00)
otpa and th double fluorescent in situ hybridization on 1 dpf embryos
injected with CMV-otpa are shown. White arrows indicate endoge-
nous DA neurons in the diencephalon. White arrowheads indicate
ectopic th- expressing cells, all of which also express otpa. Endog-
enous otpa expression in DA neurons is too low to be detectable,
in comparison to the ectopic CMV-otpa derived otpa level in the
embryo shown in panels (E)–(E00). (A–E00) Lateral views are shown.
(F–F00) Dorsal views are shown. Anterior is always to the left. (A–D)
Z stack projections are shown. Scale bars represent 100 mm. The
following abbreviations are used: arch-associated neurons (AAN),
hypothalamus (Hy), and telencephalon (Tel).not be sufficient to induce stable and fully differentiated
ventral diencephalic DA neurons.
In summary, we have shown a novel conserved func-
tion of Otp for the development of DA neurons of the A11
group in the mouse, and in the evolutionary more-basal
zebrafish system, of posterior tubercular and hypotha-
lamic DA neurons. Otp is the first identified intrinsic de-
terminant controlling the development of diencephalic
DA neuron subtypes throughout evolution. Finally, the
ability of Otp to induce aspects of DA differentiation
might provide a novel tool for in vitro generation of
specific DA neuronal subtypes.
Experimental Procedures
Fish Maintenance and Mutagenesis Screen
Zebrafish maintenance and breeding were carried out under stan-
dard conditions at 28.5C [16]. Embryos were staged and fixed at
desired time points (hpf or dpf, hours or days post fertilization)
in 4% paraformaldehyde in phosphate-buffered saline (PBS). To
avoid formation of melanin pigments, we incubated embryos in
0.2 mM 1-phenyl-2 thiourea (Sigma). m866 was isolated during an
ethyl-nitrosourea (ENU) mutagenesis screen performed in our
laboratory [17].
In Situ Hybridization
Whole-mount in situ hybridization (WISH) for fish embryos with alka-
line phosphatase-based color reaction was performed as described
[18]. Digoxigenin-labeled antisense RNA probes were prepared with
RNA-labeling reagents (Roche). We prepared RNA probes for th [8]
and dat genes [8]. To generate antisense probes that can distinguish
between otpa and otpb, we amplified N-terminal domains of both
genes, including parts of their 50UTR, with the following primer
sets: otpa forward, 50-GGAAAAGCATTTCGCCCTGGAGCG-30; otpa
reverse, 50-ACTCTGCTGGCTGGAGGACTGGGTG-30; otpb forward,
50-GTAGAGTAGTTTGGGAAGCAGTTGTGAC-30; and otpb reverse,
50-TTGGTTTTGCTGGCCGCCCGTCTG-30. Polymerase chain reac-
tion (PCR) fragments were cloned into PCRII vector (Invitrogen).
Single and double fluorescent in situ hybridizations (FISH) were
carried out on the basis of reported protocols [19, 20] that were
adapted to zebrafish.
Immunohistochemistry
Immunohistochemistry on fish embryos was performed as de-
scribed [17]. Immunohistochemistry on mouse embryos was per-
formed as previously described [21] with the following antibodies
and dilutions; anti-Otp at 1:500 (F. Vaccarino), anti-b-Gal at 1:500
(Nordic Immunology), rabbit anti-Nkx2.1 at 1:300 (Santa Cruz
Biotechnology), anti-TH at 1:300 (Chemicon), anti-Otx2 at 1:50
(R&D Systems), anti-AADC at 1:400 (Novus Biologicals), and mouse
anti-Nkx2.1 at 1:100 (Dako). Note that the Otx antibody recognizes
both Otx1 and Otx2 proteins, even though Otx2 is more efficiently
detected. For fluorescent immunohistochemistry, TH antibody was
used at 1:500 dilution and incubation with alexa 546-conjugated
secondary antibody (Molecular Probes) at 1:1000 dilution followed.
For generation of TH antibody, a 824 bp fragment corresponding
to 274–1097 bp of the zebrafish th1 gene (ensemble transcript
XM683987) was PCR-amplified and cloned into the pTRC-hisB vec-
tor (Invitrogen). Proteins were overexpressed inEscherichia coliwith
standard procedures and purified with a Ni+NTA column under de-
naturing conditions. Rabbit antiserum production was performed
by Sigma Genosys. Confocal Z stacks were recorded with a Zeiss
LSM 510 or Zeiss LSM 5 DUO laser-scanning confocal microscope.
Z projections of WISH embryos stained with alkaline phosphatase-
based color reactions were processed with ImageJ software.
Positional Cloning of otpam866
We mapped otpam866 by using bulked segregant analysis [22] with
pooled DNA from F2 homozygous mutants and F2 wild-type siblings
from a otpam866 AB 3 WIK map cross. Using a simple-sequence-
polymorphism marker (SSLP)-based map [23], we defined a critical
interval of 1.2 cM flanked by markers z15891 and z62970 on linkage
Otp Required for Dopaminergic Diencephalic Neurons
879group 21. We used z62970 sequence to screen the CHORI-211 ze-
brafish BAC library (http://bacpac.chori.org) and identified a BAC
clone, 277L7, whose end sequences overlapped with the contig
NA11627 from the Wellcome Trust Sanger zebrafish genomic as-
sembly Zv4 (http://www.ensembl.org/Danio_rerio). Using end se-
quences from NA11627 contig, we isolated from the zebrafish
BUSMP PAC library a PAC clone, A17192, whose end sequences
in turn identified contigs NA13426 and NA16459. We generated sev-
eral polymorphic SSLP markers from contigs NA11627, NA13426,
and NA16459. SSLP markers that define the critical interval are
11627-8 (forward, 50-GCACATGAGCTGTACCTGAGGT-30; and
reverse, 50-CAACTTCATCTCCCCATCTTGT-30) and 16459-4 (forward,
50-TGCAACTCTGCTTTGCTTCT-30; and reverse, 50-GTCCTTTGTGT
GCTGGGATT-30). SSLP markers 13426-2 (forward, 50-TTAGAGTAA
ATATACAGGGGAGC-30; and reverse, 50-CAGACGAACGGATGGAC
TG-30) and 16459-1 (forward, 50-TGGTTTGTGTGTATGCAGTTTG-30;
and reverse, 50-GGCTACACTGAAAAGGGGTTC-30) showed zero
recombination events in 2764 meioses, indicating proximity to the
mutation. All four SSLP markers were found in a contiguous region
on chromosome 2 (32293000–32421000), based on the Wellcome
Trust Sanger zebrafish genome sequence version 5. This region
might have been misassembled; our initial linkage data placed
otpa on chromosome 21. otpa sequence was identified within this
contiguous region as Ensembl transcript XP 683186. Full-length
otpa was isolated from cDNA generated from 3 dpf m866 mutants
and their sibling embryos. Sequencing revealed a base pair deletion
(GAG/ GG) within a codon for glutamic acid at position 94 in tran-
scripts derived from otpam866 mutant embryos. otpb sequence was
located with a blast search with mouse Otp sequences. otpb is rep-
resented by transcript with Genbank accession number BC076366
and found on chromosome 15.
Morpholino and DNA Injections
otpb MOs were synthesized by Gene Tools. Splice-site-specific
otpb MO targeted the second exon–intron boundary of the otpb
gene (50-GAGCAAGTTCATTAAGTCTCACCTG-30). ATG otpbMO tar-
geted the translation start site (50-CGCTCCAGGGCGAAATGCTTTT
CCA-30). Approximately 4 ng of otpb MO that was optimized to ex-
clude nonspecific MO effects, such as brain degeneration, was
injected. For transient mosaic overexpression studies, we cloned
wild-type or otpam866 mutant versions of full-length otpa into
pCS2+ vector (Clontech). Typically, 2–3 nl of 30 ng/ml concentration
of DNA was injected into single one-cell-stage embryos.
Genotyping
otpam866 mutant embryos were genotyped by genomic PCR with
a common reverse primer and mismatch forward primer whose 30
end preferentially hybridizes with mutant or wild-type sequences
(wild-type forward, 50-GTAGCGGTCAACAGTAAGGATCAATA-30;
mutant forward, 50-GTAGCGGTCAACAGTAAGGATCAACG-30; and
common reverse, 50-CGTTAAGCTGAGCCGGAGTAAAGC-30). Gen-
otyping of the Otp2/2 mouse mutant embryos was performed as
described [2].
Supplemental Data
Experimental Procedures, eleven figures, and four tables are
available at http://www.current-biology.com/cgi/content/full/17/
10/873/DC1/.
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